Introduction {#section1-0963689719888619}
============

Human adipose-derived stem cells (ADSCs) are a common type of mesenchymal stem cell (MSC) and have been mainly used in regenerative medicine for treating various diseases^[@bibr1-0963689719888619][@bibr2-0963689719888619][@bibr3-0963689719888619][@bibr4-0963689719888619][@bibr5-0963689719888619]--[@bibr6-0963689719888619]^ including osteoarthritis, degenerative arthritis, cartilage or tendon injury, graft-versus-host diseases, chronic kidney diseases, etc. Currently, ADSCs are among the mostly used stem cell sources in the cell transplantation field^[@bibr7-0963689719888619][@bibr8-0963689719888619][@bibr9-0963689719888619][@bibr10-0963689719888619]--[@bibr11-0963689719888619]^. As of 17 September 2019, there were 994 MSC clinical trials registered at [clinicaltrials.org](http://clinicaltrials.org) (either completed or recruiting), of which 176 (17.7% of all MSC trials) were using human adipose-derived MSCs. The unique advantage of using ADSCs in regenerative medicine is that patients usually have excess fatty tissue and these cells can be easily obtained using minimally invasive procedures such as conventional or hydrodynamic liposuction, thus enabling autologous cell replacement therapy^[@bibr12-0963689719888619][@bibr13-0963689719888619][@bibr14-0963689719888619]--[@bibr15-0963689719888619]^.

The use of ADSCs in treating neurological disorders is relatively limited. Less than 10% of current ADSC clinical trials are targeting refractory neurological disorders^[@bibr16-0963689719888619][@bibr17-0963689719888619]--[@bibr18-0963689719888619]^ such as spinal cord injury, stroke, dementia, and various neurodegenerative disorders. Ideally, these diseases could be treated using human neural stem cells (NSCs). However, as we all know, the unfavorable accessibility combined with ethical issues of human NSCs have long restricted their wide clinical use. This problem could be potentially solved if we could develop an easy way to obtain NSC/neural progenitor cells (NPCs) from more accessible stem cell sources^[@bibr19-0963689719888619][@bibr20-0963689719888619][@bibr21-0963689719888619]--[@bibr22-0963689719888619]^, such as ADSCs.

MSCs have been reported to be able to generate NSCs/NPCs^[@bibr23-0963689719888619][@bibr24-0963689719888619][@bibr25-0963689719888619][@bibr26-0963689719888619][@bibr27-0963689719888619][@bibr28-0963689719888619]--[@bibr29-0963689719888619]^. Most studies used bone marrow-derived MSCs. Hermann et al. first reported human bone marrow stromal cells can be induced to produce NSC-like cells^[@bibr23-0963689719888619]^. Fu and colleagues^[@bibr24-0963689719888619]^ repeated the Hermann induction method, but only induced 8% of bone marrow MSCs into neurospheres. These MSC-derived neurospheres not only express the NSC antigens Nestin and Musashi-1, but can also self-renew and differentiate into neurons, astrocytes, and oligodendrocytes. Furthermore, these differentiated neurons are capable of producing tetrodotoxin-sensitive action potential. Ma et al.^[@bibr25-0963689719888619]^ reported using NSC-conditioned medium to induce 80% of bone-marrow MSCs into NSC-like cells, but the induction was a lengthy process with total induction time of 3 weeks.

Several studies have demonstrated trans-differentiation of ADSCs into NSCs/NPCs. For instance, Feng and colleagues^[@bibr26-0963689719888619]^ reported using a three-step induction method to induce high-purity NSCs from ADSCs. The neurospheres derived from ADSCs were found to express Sox1, Pax6, Nestin, and Vimentin by flow cytometry. Qin et al.^[@bibr27-0963689719888619]^ reported similar findings by transfecting Sox2 gene with a retrovirus to induce ADSCs into NSC-like cells. Others have reported functional neural differentiation using basic fibroblast growth factor (bFGF) and forskolin^[@bibr28-0963689719888619]^, or an epidermal growth factor (EGF) and bFGF combination^[@bibr29-0963689719888619]^. Overall, these studies reported a varied induction protocol with varied neural differentiation efficiency. But so far, a fast and efficient induction method of trans-differentiating these cells into NSCs/NPCs is lacking.

We are interested to see whether highly efficient neural induction can be achieved in ADSCs using a well-defined induction medium, without retro-lentiviral mediated gene intervention. In this study, we used serum-free culture conditions and a well-defined medium mainly comprised of EGF and bFGF to induce ADSCs into neurospheres. We carried out functional experiments to analyze the self-renewal and multi-potency capacity of these neurospheres. We further analyzed the change in gene expression and cytokine profile after induction.

Materials and Methods {#section2-0963689719888619}
=====================

Study Samples and Ethics Statement {#section3-0963689719888619}
----------------------------------

Human adipose tissues were obtained from patients who underwent hydrodynamic liposuction procedures after obtaining written informed consent and approval by the Ethics Committee of Union Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, Hubei, China.

Isolation and Culture of ADSCs {#section4-0963689719888619}
------------------------------

ADSCs were isolated and amplified as described elsewhere^[@bibr30-0963689719888619],[@bibr31-0963689719888619]^. Briefly, adipose tissue was chopped into small pieces of about 25--50 mm^3^ and digested with 0.1% collagenase type I (Gibco^TM^, Thermo Fisher, Waltham, MA, USA) at 37°C for 60 minutes. The single-cell suspension was obtained by filtering the digested material through a 100 *μ*m mesh filter. ADSCs were cultured in Dulbecco's modified eagle medium: nutrient mixture F-12 (DMEM/F12) supplemented with 10% fetal bovine serum (Hyclone^TM^, GE Healthcare, Chicago, IL, USA) and 100 U/mL penicillin, and 100 mg/mL streptomycin at 37°C in a humidified atmosphere of 5% CO~2~. ADSCs were continuously passaged until passage 30 (P30). ADSCs at P5, P15, and P30 were subjected to karyotyping and neurosphere formation assay.

Adipogenic, osteogenic, neurogenic differentiation and immunophenotyping experiments were performed as described elsewhere^[@bibr30-0963689719888619]^.

ADSC-Derived Neurosphere Generation {#section5-0963689719888619}
-----------------------------------

In total, 2--4 x 10^6^ ADSCs (P5, 15, 30) cultured in T75 cell culture flasks were dissociated with 0.25% trypsin-ethylenediaminetetraacetic acid (EDTA) for 5 minutes at 37°C, washed twice with phosphate buffered saline (PBS) and plated on T25 cell culture flasks (Nalge Nunc International, Rochester, NY, USA) at a concentration of 2 × 10^5^ cells/cm^2^ in medium containing DMEM/F12 with 20 ng/mL of both EGF (R&D Systems, Inc., Minneapolis, MN, USA) and bFGF (R&D Systems, Inc., Minneapolis, MN, USA), N2, and B27 supplements (Invitrogen, Carlsbad, CA, USA). Then 12 hours later, after ADSC-derived neurospheres were generated, neurospheres were enumerated under a 100x microscope by adding the total neurosphere numbers from six random fields. Neurospheres were maintained by replenishing EGF and bFGF every 3 days. At day 5, primary neurospheres were dissociated into single cells by digesting them with 0.25% trypsin-EDTA for 5 minutes at 37°C and continuous pipetting using a fire-polished Pasteur pipette and 100 cells were re-plated in each well of 96-well plates for secondary neurosphere formation. Cultures were replenished with fresh growth factors (EGF and bFGF) every 3 days and assayed for neurosphere formation after 10--14 days *in vitro*. Secondary neurosphere formation capabilities were measured by the percentage of positive neurosphere formation after 14 days.

Apoptosis Assay {#section6-0963689719888619}
---------------

ADSC-derived neurospheres were digested with 0.25% trypsin/0.04% EDTA for 5 minutes at 37°C and continuous pipetting using 200 ul pipetting tips to ensure a single-cell suspension was achieved under a microscope. After spinning down, dissociated neurospheres (105 cells) were resuspended in a 500 ul binding buffer. Then they were incubated for 5 minutes at room temperature in the presence of 0.5 μg/mL Annexin V-FITC (R&D Systems, Minneapolis, MN, USA) and propidium iodide (PI) in binding buffer as described by the manufacturer. The percentage of apoptosis was determined by fluorescent-activated cell sorting.

Multi-Differentiation Assay {#section7-0963689719888619}
---------------------------

On the third day after ADSC-derived neurosphere formation, these neurosphere-like structures were plated on six-well plates with coverslips (coated with laminin from Sigma-Aldrich, St. Louis, MO, USA) and cultured in DMEM supplemented with 2% fetal bovine serum. Then 8--10 days after induction, neurogenic differentiation was assayed by immunofluorescence staining for neural and glial specific protein expression. Cells were washed with PBS, fixed with 4% para-formaldehyde, blocked with 1% bovine serum albumin for 30 minutes, and then incubated for 1 hour at room temperature with the following antibodies: rabbit anti-Tuj1 mAb (Abcam, Cambridge, MA, USA at final concentrations of 1/250), mouse anti-microtubule associated protein 2 (Map2) mAb (Abcam, Cambridge, MA, USA, at final concentrations of 1/200) and mouse anti-glial fibrillary acidic protein (GFAP) mAb (Abcam, Cambridge, MA, USA, at final concentrations of 1/200). Primary antibodies were developed with secondary Dylight 488-goat anti-rabbit IgG and Dylight 546-rat anti-mouse IgG, both at final concentrations of 1/500. Secondary antibodies were incubated for 45 minutes at room temperature in the dark. After labeling, nuclei were stained with Dapi for 5 minutes and then the slides were immediately examined on a three-color immunofluorescence microscope (Nikon Instruments Inc., Tokyo, Japan).

Quantitative Real-Time Polymerase Chain Reaction Assay {#section8-0963689719888619}
------------------------------------------------------

RNA was isolated using Trizol reagent (Invitrogen, Carlsbad, CA, USA). cDNA was transcribed using Superscript III First Strand cDNA Synthesis kit following the manufacturer's instructions (Invitrogen, Carlsbad, CA, USA). Quantitative real-time polymerase chain reaction (PCR) was performed with SYBR Green PCR reagents on an ABI Prism 7300 detection system (Applied Biosystems, Foster City, CA, USA). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control. The normalized fold expression was obtained using the 2^-**ΔΔ**CT^ method. Primers used for real-time PCR are shown in [Table 1](#table1-0963689719888619){ref-type="table"}.

###### 

Primers used for real-time PCR.

![](10.1177_0963689719888619-table1)

  Primer name   Primer sequence
  ------------- --------------------------
  Nestin for    CAGCGTTGGAACAGAGGTTGG
  Nestin rev    TGGCACAGGTGTCTCAAAGGGTAG
  Nanog for     CAAAGGCAAACAACCCACTT
  Nanog rev     TCTGGAACCAGGTCTTCACC
  Oct 4 for     GATCCTCGGACCTGGCTAAG
  Oct 4 rev     GACTCCTGCTTCACCCTCAG
  Sox 2 for     GCCGAGTGGAAACTTTTGTCG
  Sox 2 rev     GGCAGCGTGTACTTATCCTTCT
  Bmi1 for      CGTGTATTGTTCGTTACCTGGA
  Bmi1 rev      TTCAGTAGTGGTCTGGTCTTGT
  Olig2 for     CCAGAGCCCGATGACCTTTTT
  Olig2 rev     CACTGCCTCCTAGCTTGTCC
  hGAPDH for    GGAGCGAGATCCCTCCAAAAT
  hGAPDH rev    GGCTGTTGTCATACTTCTCATGG

for: forward; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; PCR: polymerase chain reaction; rev: reverse.

Raybio Cytokine Microarray Analysis {#section9-0963689719888619}
-----------------------------------

ADSCs at P5 were grown to sub-confluency and the medium was switched to DMEM/F12 only. ADSCs were continued to culture for 48 hours. After filtration 1 ml of the supernatant was collected and assayed by RayBio® Biotin Label-based Human Growth Factor Cytokine Array I (Cat\#: QAH-GF-1-1 Human Growth Factor Array, Norcross, GA, USA). Then ADSCs were induced to form neurospheres as described previously. Then 72 hours after neurosphere formation, 1 ml of supernatant was collected and was assayed by the same Raybio Cytokine Array. Commercially available human induced pluripotent stem cell-derived NSCs (NouvNeu hNSC, Catalogue No. NC0001, iRegene, Wuhan, Hubei, China) were used as a positive control.

Statistical Analysis {#section10-0963689719888619}
--------------------

All values were expressed as mean ± SD. The comparison between two groups was checked by a *t*-test, and one-way analysis of variance followed by either a Dunnett or a Tukey post hoc test was used for multiple sample means. A *p* value \< 0.05 was considered to indicate statistical significance. A *p* value \< 0.01 was considered statistically very significant. All analyses were performed with GraphPad Prism 8.

Results {#section11-0963689719888619}
=======

Characterization of ADSCs {#section12-0963689719888619}
-------------------------

Human ADSCs were isolated and characterized by flow cytometry, multi-differentiation assay as reported elsewhere^[@bibr30-0963689719888619],[@bibr31-0963689719888619]^. ADSCs can be differentiated into osteocytes, adipocytes, and neurons. They are positive for CD13, CD71, CD44, CD90, and CD105, and negative for CD14, CD45, CD34, and human leukocyte antigen-antigen D related (HLA-DR) expression, as shown in Supplementary Figure 1.

Generation of ADSC-Derived Neurospheres {#section13-0963689719888619}
---------------------------------------

We cultured ADSCs (P5--30) under serum-free induction medium (DMEM/F12, EGF, bFGF 20 mg/ml with N2, B27 supplements). ADSCs can be efficiently induced to form neurosphere-like structures under this culture condition within 12 hours. As early as 4--6 hours after converting the culture medium into a neurosphere medium, quick clustering of ADSCs into sphere-like structures were seen. Within 24 hours of converting the culture medium into a neurosphere medium, almost all ADSCs formed neurosphere-like structures, as shown in [Figure 1(B)](#fig1-0963689719888619){ref-type="fig"}. Neurospheres usually have a round shape, a clear outline, and a dense core. Apart from the ADSC-derived neurosphere-like structures, there were some irregular-shaped cell clusters formed at the same time. These cell clusters underwent apoptosis soon after. The apoptosis rate is around 18%, as assayed by Annexin V-PI flow cytometric assay, as shown in [Figure 1(I)](#fig1-0963689719888619){ref-type="fig"}.

![Generation of adipose-derived stem cell (ADSC)-derived neurospheres. (A) ADSCs at passage 3, phase contrast image, 100x. (B)--(F) ADSC-derived neurospheres were generated after 12 hours of induction using different induction conditions. Phase contrast image 100x. (B) ADSC-derived neurospheres induced with epidermal growth factor (EGF) 20 ng/ml, basic fibroblast growth factor (bFGF) 20 ng/ml, and N2 and B27 supplements; (C) EGF+bFGF− regimen with Dulbecco's modified eagle medium: nutrient mixture F-12 (DMEM/F12), EGF 20 ng/ml, no bFGF, plus N2 and B27 supplements; (D) EGF-bFGF+ regimen with DMEM/F12, bFGF 20 ng/ml, no EGF, plus N2 and B27 supplements; (E) N2 only: DMEM/F12 with N2 supplement only, no EGF or bFGF; (F) B27 only: DMEM/F12 with B27 supplement only, no EGF or bFGF. (G) Statistical analysis of ADSC-derived neurosphere formation assay. Neurospheres were arbitrarily divided into large, medium, and small neurospheres, and scored in six random fields under a microscope. The results represent three independent experiments. (H) Growth curve of ADSC-derived neurospheres in comparison with commercially available human neural stem cells (NouvNeu hNSC, Catalogue No. NC0001, iRegene). The *y*-axis represents the absorbance value, the *x*-axis represents days in ex vivo culture. The purple dot plot represents human neural stem cells and the blue dot plot represents ADSC-derived neurospheres. (I) Annexin V and propidium iodide (PI) apoptosis analysis of primary neurosphere formation, in comparison with ADSCs. Apoptosis rate is expressed as mean±SD. \*\* *p*\<0.01.](10.1177_0963689719888619-fig1){#fig1-0963689719888619}

We next wanted to know more about the neurosphere formation process. We tested several different conditions: (a) complete induction medium, which is comprised of DMEM/F12, EGF 20 ng/ml, bFGF 20 ng/ml, and N2 and B27 supplements; (b) DMEM/F12, EGF 20 ng/ml, no bFGF, with N2 and B27 supplements; (c) DMEM/F12, bFGF 20 ng/ml, no EGF, with N2 and B27 supplements; (d) DMEM/F12 with N2 supplement only, no EGF nor bFGF; (e) DMEM/F12 with B27 supplement only, no EGF nor bFGF.

For the ADSC-derived neurosphere assay, we found the complete induction medium led to most prominent neurosphere-like structure production. Interestingly, EGF and bFGF are not indispensable. DMEM/F12 and N2 and B27 supplements are already enough to induce neurosphere formation. But N2 supplement alone is not enough to induce neurosphere formation. The result is shown in [Figure 1(B)--(G)](#fig1-0963689719888619){ref-type="fig"}.

ADSC-Derived Neurospheres can Self-Renew and can be Induced to form Neurons and Glial Cells {#section14-0963689719888619}
-------------------------------------------------------------------------------------------

To confirm these ADSC-derived neurospheres are indeed NPCs rather than culture artifacts, ADSC-derived neurospheres were subjected to self-renewal and multipotency tests. For the self-renewal assay, ADSC-derived neurospheres were dissociated into single cells and re-plated for secondary neurosphere formation. Within 3 days after re-plating, secondary neurospheres were formed, as shown in [Figure 2(A)](#fig2-0963689719888619){ref-type="fig"}. Secondary neurospheres can be dissociated again into single cells and then re-plated for tertiary neurosphere formation. [Figure 2(B)--(D)](#fig2-0963689719888619){ref-type="fig"} show the formation of tertiary neurospheres. Nascent tertiary neurospheres are usually smaller than secondary neurospheres but they grow bigger over time, and around 7 days they mature. Nascent neurospheres usually have very clear borders with a dense core, but when they mature, the border becomes darker ([Figure 2(D)](#fig2-0963689719888619){ref-type="fig"}) and therefore they are easily distinguishable from nascent neurospheres. At this point, they need to be passaged. Secondary neurospheres express *Nestin*, an NSC-specific marker, as shown in [Figure 2(H)](#fig2-0963689719888619){ref-type="fig"}.

![Self-renewal and multi-potency of adipose-derived stem cell (ADSC)-derived neurospheres. (A) Secondary neurosphere formation after dissociation of primary neurospheres. (B)--(D) Tertiary neurospheres formed 1 day (B), 3 days (C), and 7 days (D) after dissociation of secondary neurospheres. Note the differences in the core and the clear outline of the neurospheres among nascent neurospheres and "old" neurospheres. (E)--(G) Differentiation of ADSC-derived neurospheres 1 day (E), 3 days (F), and 7 days (G) after induction in 2% fetal bovine serum on laminin-coated coverslips. (H) Nestin (shown in red) staining of a secondary ADSC-derived neurosphere; 100x. Note the cores of neurospheres have less Nestin expression. (I)--(L) Confocal image of a completely differentiated neurosphere in 2% fetal bovine serum on laminin-coated coverslips. Dapi staining shown in blue, glial fibrillary acidic protein (GFAP) glial-specific staining shown in green and Tuj1 neuron-specific staining shown in red. (M)--(O) Confocal image of differentiated neurospheres, 10 days after differentiation using 2% fetal bovine serum on laminin-coated coverslips. Microtubule associated protein 2 (Map2) neuron-specific staining shown in green (M), Dapi staining shown in blue (N), and (O) overlay image.](10.1177_0963689719888619-fig2){#fig2-0963689719888619}

For the multipotency assay, neurosphere-like structures were plated on six-well plates with coverslips and cultured in DMEM supplemented with 2% fetal bovine serum. Then 6 days after induction, neurogenic differentiation was assayed by immunofluorescent staining for Tuj1 and GFAP expression. Then, 10--12 days after induction, neurogenic differentiation was assayed by immunofluorescent staining for mature neuron specific marker Map2 expression. As shown in [Figure 2(I)--(O)](#fig2-0963689719888619){ref-type="fig"}, ADSC-derived neurospheres can be induced to form neurons and glial cells.

Real-Time PCR Analysis {#section15-0963689719888619}
----------------------

Real-time PCR showed expression of multiple genes important for NSC self-renewal and multipotency such as *Sox2*, *Olig2*, *Nestin,* and *Bmi1* in ADSCs in a standard MSC culture condition. When cultured under complete induction medium conditions (DMEM/F12, EGF, bFGF, N2, and B27), the expression of these genes is further upregulated. We found the expression levels of pluripotent genes *Olig2*, *Oct4*, and *Bmi1* were modestly increased (5--10 fold) from as early as 24 hours post-induction compared to pre-induction. The expression of *Sox2* increased steadily from 10--35 fold after the induction. The expression level of *Nestin* was about 8 times higher just 24 hours after the induction and increased to 15 times higher at day 3 post-induction, as shown in [Figure 3(A)](#fig3-0963689719888619){ref-type="fig"}.

![Quantitative real-time polymerase chain reaction (PCR) analysis and comparison of neurosphere formation capabilities of adipose-derived stem cells (ADSCs) with different passage numbers. (A) Quantitative real-time PCR of Sox2, Oct 4, Nestin, Nanog, Olig2, and Bmi1 after complete medium (epidermal growth factor (EGF) 20 ng/ml, basic fibroblast growth factor (bFGF) 20 ng/ml and N2 and B27 supplements) induction. The induction medium led to significant overexpression of Sox2 and Nestin within 72 hours. The expression of genes was normalized to that of glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Triplicate PCR amplifications were performed for each sample, and the results were represented as mean values±SD of three triplicate samples. (B) and (C) Comparison of neurosphere formation capabilities of ADSCs with different passage numbers. (B) ADSCs as late as passage 30 can readily form neurospheres, but the efficiency is significantly lower than early-passage ADSCs. Overall the neurosphere formation capacity decreased with extensive passages. \*\**p*\<0.01. (C) Significantly less secondary neurosphere formation in late-passage ADSCs in comparison to early passage ADSCs. \*\**p*\<0.01. (D) Representative karyotyping analysis of ADSCs at passage 5. (E) Representative karyotyping analysis of ADSCs at passage 30.](10.1177_0963689719888619-fig3){#fig3-0963689719888619}

ADSCs in Early Passages Possess Higher Neurosphere Potentiality than Late-Passage ADSCs {#section16-0963689719888619}
---------------------------------------------------------------------------------------

We compared neurospheres formed by different passage ADSCs: P5 (early passage), P15 (moderate passage), and P30 (extensive passage). The primary neurosphere formation efficiency does not change much when comparing early-passage ADSCs with moderate-passage ADSCs; however, there is a significant decrease in primary neurosphere formation efficiency when comparing moderate-passage ADSCs with extensive-passage ADSCs, despite the fact that ADSCs as late as P30 can readily form neurospheres within 24 hours, just like as early-passage ADSCs do ([Figure 3(B)](#fig3-0963689719888619){ref-type="fig"}). Moreover, when we performed a secondary neurosphere formation assay, we found significantly less secondary neurosphere formation in late-passage ADSCs in comparison with early-passage ADSCs, indicating decreased self-renewal capacity with extensive passage numbers, as shown in [Figure 3(C)](#fig3-0963689719888619){ref-type="fig"}. It is noteworthy that ADSCs at P30 still maintain a normal karyotype, as shown in [Figure 3(D)--(E)](#fig3-0963689719888619){ref-type="fig"}.

Raybio Cytokine Array {#section17-0963689719888619}
---------------------

We are interested to see whether this fast induction protocol also led to an increase in neurogenic cytokine expression. Using RayBio® Biotin Label-based Human Growth Factor Cytokine Array I, we detected a significant increase in expression levels for two-thirds of the human growth factors, especially for neurogenic growth factors such as brain-derived neurotrophic growth factor (BDNF), bFGF, glial cell line-derived neurotrophic growth factor (GDNF) etc. The expression of BDNF increased 13.31 fold only 72 hours after the induction. The expression of GDNF increased to 3.84 fold and bFGF level increased to 26.41 fold. The hepatocyte growth factor level increased to 21.77 fold. Overall, the cytokine secretion pattern shifted significantly towards the NSC profile after induction, as is shown in [Figure 4(A)](#fig4-0963689719888619){ref-type="fig"}. In comparison with the human NSC secretome, ADSCs exhibit even higher neurogenic growth factor levels. At the same time, some angiogenic growth factors also significantly increased after induction, for example, ADSCs expressed an extremely high level of vascular endothelial growth factor (VEGF) before the induction and the VEGF level further increased to 3.90 fold after the induction, as shown in [Figure 4(B)](#fig4-0963689719888619){ref-type="fig"}.

![Raybio human growth factor analysis. (A) Heatmap. The adipose-derived stem cell (ADSC)-derived neurosphere secretome profile is significantly skewed towards human neural stem cells after induction. NouvNeu human neural stem cells were used as a positive control. (B) The growth factors that showed significant increase after the induction. Signal strength is expressed as mean±SD. \*\**p*\<0.01.](10.1177_0963689719888619-fig4){#fig4-0963689719888619}

Discussion {#section18-0963689719888619}
==========

Neurological disorders such as Parkinson's disease, stroke and multiple sclerosis have varied causes, but in many cases the symptoms of neurological deficit are caused by the loss of neurons and glial cells. Therefore, neural replacement therapy based on NSCs/NPCs has become a new direction in the treatment of neurological diseases^[@bibr21-0963689719888619]^. NSCs/NPCs have a clear ability to differentiate into all types of nerve cells, such as neurons, astrocytes, and oligodendrocytes. But due to the limited source of NSCs and the immune response to transplantation, their clinical applications are greatly limited^[@bibr20-0963689719888619]^.

In this study we showed human ADSCs can be efficiently induced to form neurospheres under serum-free culture conditions using well-defined medium (mainly composed of EGF and bFGF) within 12 hours. There are several important features for this simple induction method, which distinguish our study from other studies previously reported: (a) the induction is immediate and highly efficient; (b) the induction method is simple and well defined; there is no need to use retro-lentiviral vectors or other conventional methods to overexpress or downregulate certain genes specifically and there is no need to use low-attachment plastic cell culture flasks for neurosphere formation; and (c) the induction is real; the ADSC-derived neurospheres are not spheres merely growing as neurospheres (culturing artifacts), but they can readily form secondary and tertiary neurospheres and be induced to further differentiate into neurons and glial cells; and (d) this induction method is scalable and can easily meet Good Manufacturing Practice standards for large-scale clinical application.

To understand why this trans-differentiation happened so quickly, we checked the expression of several major neurogenic genes and stemness genes by real-time PCR. We were interested to see the change in gene-expression levels after the induction. We found the expression levels of stemness genes such as *Bmi1, Oct 4,* and *Olig2* increased, whereas neurogenic genes such as *Nestin* and *Sox2* increased much more after the induction. The increase in stemness genes was around 5--10 fold, whereas the increase in *Sox2* expression was about 35 fold, and the increase in *Nestin* expression was around 9--14 fold. Real-time PCR assay showed significant overexpression of *Sox2* after induction, starting as early as 24 hours after the induction with a near 10-fold increase in expression level and near 35-fold increase at day 7 of the induction. Sox2 is a very important transcription factor that is essential for the self-renewal and multipotency of embryonic stem cells and NSCs^[@bibr32-0963689719888619],[@bibr33-0963689719888619]^. In contrast, the expression level of *Nestin* was 8 times higher just 24 hours after the induction and was even higher at 72 hours post-induction. Significant overexpression of neurogenic genes, possibly triggered by the induction medium we used, led to the highly efficient trans-differentiation process, as we demonstrated in this study.

We wanted to know more about the neurosphere formation process. We tested several different induction conditions. Overall, adding N2 and B27 supplements to the EGF and bFGF induction regimen produced by far the best performance in terms of neurosphere formation efficiency. But we found the minimum requirement is either DMEM/F12 medium supplemented with EGF and bFGF (both at 20 ng/ml) or B27 only. EGF and bFGF are mitogen-specific growth factors widely regarded as key factors for the self-renewal, proliferation, and maintenance of NSCs^[@bibr34-0963689719888619][@bibr35-0963689719888619][@bibr36-0963689719888619]--[@bibr37-0963689719888619]^. Our previous assumption is that these two factors should be indispensable for ADSC- derived neurosphere formation. But in contrast, we found N2 and B27 supplements are already enough to induce neurosphere formation. It is interesting that N2 alone cannot induce neurosphere formation. We suspect some ingredients within the B27 supplement might play an important role in this conversion.

The paracrine effects of MSCs have been shown to play important role in a large number of preclinical and clinical trials^[@bibr38-0963689719888619][@bibr39-0963689719888619]--[@bibr40-0963689719888619]^. We therefore used Raybio Cytokine Array analysis to analyze the expression levels of 41 human growth factor cytokines secreted by ADSCs, and compared the expression of these cytokines before and after the induction of neurosphere formation, using human NSCs as a positive control. Human NSCs have some characteristic growth factor expression levels. For example, they express high levels of BDNF, bFGF, insulin growth factor (IGF), insulin, platelet-derived growth factor, NT-3, NT-4, VEGF, etc. Most of these cytokines are neurogenic (BDNF, IGF, EGF, bFGF, insulin, etc.) or angiogenic (VEGF). We found ADSCs already express these cytokines before induction, but what is most striking is the amplitude and the relative values of increase in the expression levels of these cytokines after induction. For example, the increase in BDNF expression is 13.31 fold, whereas the increase in insulin expression level is 74 fold. It must be noted that ADSCs express very low levels of insulin, whereas human NSCs express high levels. After induction, the ADSC-derived neurospheres have an insulin expression level well over that of human NSCs. The whole secretome shifted significantly to the NSC secretome. After the induction, 30/41 (73.2% of the human growth factor cytokines we analyzed) exhibited larger than 1.5-fold increases in expression levels, 8/41 (19.5%) exhibited larger than 5-fold increase in expression levels, ranging from 13 fold to 74 fold increase in expression levels. Overall, we see a dramatic shift toward that NSC secretome after induction. In fact, ADSC-derived neurospheres are in many aspects superior to NSCs in neurogenic cytokine secretion. Therefore, our short neural induction protocol not only produced cells phenotypically resembling neurospheres but also led to a quick upregulation and expression of neurogenic cytokines, skewing strongly towards the NSC secretome.

In summary, we reported human ADSCs can be efficiently induced to form neurospheres using serum-free culture with EGF and bFGF within 12 hours. These ADSC-derived neurospheres display self-renewal and multi-potentialities comparable to NSCs/NPCs while they maintain the favorable characteristics of MSCs with scarce HLA-DR expression. The advantage of ADSCs is that that can be safely obtained during a conventional liposuction procedure. Using this easy one-step induction method, patient-specific autologous neurospheres can be obtained within 12 hours. Therefore, ADSC-derived neurospheres can serve as an autologous source of NSCs/NPCs for patients with spinal cord injuries, who have suffered a stroke and in various neurodegenerative disorders. We believe further exploration of this unique cell source can bring hope to those patients with intractable neurological disorders.

Supplemental Material {#section19-0963689719888619}
=====================

###### Supplemental Material, Supplementary_Fig.1\_(1) - Neurospheres induced from human adipose-derived stem cells as a new source of neural progenitor cells

###### 

Click here for additional data file.
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